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Concentrations of adenylate species and free magnesium (Mg2 +) within cells are mediated by the equilibrium governed by adenylate
kinase (AK), the enzyme abundant in plants in chloroplast stroma and intermembrane spaces of chloroplasts and mitochondria. Ratios of free
and Mg-bound adenylates (linked to the values of [Mg2 +] established under AK equilibrium) can be rationalized in terms of the overall
dependence of concentrations of Mg2 + and free and Mg-bound adenylates, as well as electric potential values across the inner membranes of
mitochondria and chloroplasts. The potential across the inner mitochondrial membrane, by driving adenylate translocators, equilibrates free
adenylates across the inner membrane according to the Nernst equation and contributes to the ATPtotal/ADPtotal ratio in the cytosol. The ratio
affects the exchange of free adenylates with chloroplasts and this, in turn, influences the value of potential across the inner chloroplast
membrane. From measurements of subcellular ATPtotal/ADPtotal ratios, we suggest a method of estimating the values of potential across inner
membranes of mitochondria and chloroplasts in vivo, which allows a comparison of the operation of these organelles under different
physiological conditions. We discuss also how the equilibration of adenylates by AK drives adenylate transport across membranes, and
establishes [Mg2 +] in the cytosol and chloroplast stroma, maintaining the rates of photosynthesis and respiration. This provides a tool for
metabolomic research, by which the determined concentrations of adenylate species could be used for computation of essential metabolic
parameters in the cell and in subcellular compartments.
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Adenylate species play a central role in cell energetics
and in regulation of metabolic fluxes. Actual concentrations
of adenylates are driven by the ATP synthesis and con-
sumption as well as by equilibration of adenylate species in
the adenylate kinase (AK) reaction [1,2]. Adenylate kinase
(EC 2.7.4.3), the enzyme that catalyzes the reversible
reaction of MgADP+ADPfreeXMgATP+AMPfree, is fre-
quently more active than net metabolite conversions in plant
cell compartments, including fluxes into and out of the
adenylate pools. For instance, rates of chloroplastic AK are
similar or higher than photosynthesis rate in a variety of
plants [3–5]. The bulk of AK activity in the plant cell is
located in chloroplast stroma and in the intermembrane0005-2728/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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[9,10]. Much lower AK activity is attributed to the cytosol
[8,9]; however, in tissue cell culture or in heterotrophic
tissue, the cytosolic activity may be higher [11]. AK is
absent from the matrix of plant mitochondria [10].
In photosynthetic plant cells, the experimental values for
total ATP, ADP and AMP fall within the range of Kapp
(defined as [ATPtotal][AMPtotal]/[ADPtotal]
2) of AK
[9,12,13]. In isolated chloroplasts, contents of adenylates
are close to AK equilibrium both in the steady state dark and
light conditions as well as during dark–light transitions
[14], while phosphorylation potential in the stroma and
proton-motive force across thylakoid membranes are far
from the equilibrium [15]. The AK equilibrium is also likely
to govern concentrations of adenylates in the cytosol due to
the presence of AK isozymes there and because adenylates
can freely permeate between the cytosol and IMS [9], which
is important for maintaining glycolytic flux [16] and other
cytosolic processes.
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for the operation of enzymes and the regulation of metabolic
pathways. Actually, many enzymes are regulated by
MgATP/MgADP ratio, while free AMP and/or free ADP
act as allosteric effectors [14]. The stoichiometry of Mg-
bound and Mg-free adenylates depends on [Mg2 +] but also
on the total content of adenylates. This, in turn, depends on
adenylate transport across membranes by specific trans-
locators; the transport involves free adenylates rather than
Mg-adenylate species [17]. Since the inner membrane of
mitochondria possesses a charge gradient (i.e. electrical
potential difference) depending on the rate of proton pump-
ing by electron transport and on the rate of proton (and other
charged solute) movement by ATP synthetase, the adenylate
transporter and other charge-moving processes, this will
affect transport of adenylates and their equilibration by
AK. In the present paper, we consider dependence between
the subcellular ATPtotal/ADPtotal ratios and the inner mem-
brane potential of chloroplasts and mitochondria and sug-
gest a method of estimating membrane potentials in vivo
from the ratios of adenylates. Also, we analyze effects of pH
on equilibration of adenylate species (MgATP, MgADP,
ADPfree and AMPfree) by AK in the IMS of mitochondria
and chloroplasts and consider regulation of adenylate trans-
port in connection with membrane potential and the ratios of
Mg-bound and free adenylates. We propose that adenylate
status, equilibrated via AK on both sides of inner mitochon-
drial and chloroplastic membranes, reflects membrane po-
tential. We conclude that AK establishes a link between the
ratios of free and Mg-bound adenylates, the concentration of
[Mg2 +] and the inner membrane potentials of mitochondria
and chloroplasts.Fig. 1. The ratios of free and Mg-bound adenylates depending on [Mg2 +].
The lines were drawn according to the values of stability constants for
adenylates.2. Subcellular [Mg2+] and ratios of Mg-bound and free
adenylates established under AK equilibrium
As shown earlier [14], the [Mg2 +] under AK equilibrium
can be determined by Eq. (1):
x ¼ Cdðt þ mÞ  2KtdF½t
2d2ð2K  CÞ2  4tdðKd  CmÞðKt  CdÞ1=2
2tdðKd  CmÞ
ð1Þ
where x is [Mg2 +], C is Ktrue=[MgATP][AMPfree]/([MgAD-
P][ADPfree]), K is Kapp=[ATPtotal][AMPtotal]/[ADPtotal]
2, t is
KMgATP=[MgATP]/([Mg
2 +][ATPfree], d is KMgADP=[M-
gADP]/([Mg2 +][ADPfree], and m is KMgAMP=[MgAMP]/
([Mg2 +][AMPfree]).
Graphical presentation of this equation results in a bell-
shaped curve (see further in Fig. 2A), where [Mg2 +] has a
single value of 0.23 mM (using KMgATP, KMgADP and
KMgAMP values at pH 8) at a maximum Kapp of approxi-
mately 1.5 [14]. Otherwise, for a given Kapp value, [Mg
2 +]
has two values: one below and one above the 0.23 mM
optimum.At physiological [Mg2 +], which are usually millimolar
(see Ref. [14] and references therein), nearly all ATP exists
as MgATP, whereas all AMP occurs as free AMP (Fig. 1),
and thus the Kapp will be approximately equal to [ATPtotal]
[AMPtotal]/([MgADP]+[ADPfree])
2. In the cytosol or in
chloroplast stroma during photosynthetic induction [12],
given that adenylate equilibrium is established solely by
AK, the ADP concentration will approximate to equimolar
amounts of ADPfree andMgADP. Under these conditions, the
[Mg2 +] derived from the KMgADP is equal to 1/KMgADP. At
KMgADP of 4 mM
 1 (the value recommended for pH 8 [18]),
the calculated [Mg2 +] equals 0.25 mM (Fig. 1), which is very
close to the value of 0.23 mM that corresponds to maximal
Kapp of 1.5 of the AK equilibrium curve (Ref. [14], see also
Eq. (1)). Based on adenylate content [14], the calculated
maximum Kapp values in the cytosolic compartment and in
chloroplast stroma during photosynthetic induction actually
correspond to [Mg2 +] = 1/KMgADP. In darkness, however, the
cytosolic Kapp for AK is lower, and this indicates higher
equilibrium concentration of [Mg2 +].
The situation becomes more complicated when [ADPfree]
differs from [MgADP]: it will lead to a decrease in the Kapp
value. The value of Kapp will linearly depend on changes of
[MgATP] (almost equivalent to [ATPtotal]) or [AMPfree]
(almost equivalent to [AMPtotal]). However, the dependence
on changes of either [ADPfree] or [MgADP] (and conse-
quently on [ADPtotal]), will be subject to a second-order
dependence. It is worth noting that the second-order depen-
dence of [ADPfree] during aerobic muscle work has been
proven experimentally [19]. This leads to the conclusion
that the [Mg2 +], to which the value of Kapp is linked, will
depend more on total ADP than on ATP or AMP. In fact, it
will be strongly dependent on the balance of production and
consumption of ADPfree and MgADP, i.e. depending on the
ADPfree/MgADP ratio. For the forward reaction of AK,
given that ATP is predominantly in the Mg-complexed form
at a broad range of [Mg2 +] (Fig. 1), the [Mg2 +] will be
mostly dependent on the ratio of ADPfree/MgADP that was
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only contribute to the difference in concentrations of
MgADP and ADPfree species. When MgADP is preformed
at a higher rate than ADPfree (e.g. in chloroplast stroma in the
Calvin cycle, which is more actively forming MgADP when
compared to rates of possible import of ADPfree from the
cytosol), it will correspond to higher [Mg2 +], as in Fig. 1.
As described above, the ratios between Mg-bound and
free adenylates are important indicators of the metabolic
status of the cell. Even more important are ratios of Mg-
bound adenylates and the ratios of free adenylates. For
instance, the MgATP/MgADP ratio is a driving force of
processes where key enzymes use MgATP and release
MgADP [14]. Alternatively, the [ATPfree]/[ADPfree] ratio is
important for the operation of adenylate translocators since
they exchange free adenylates [17]. These ratios depend
both on ATPtotal/ADPtotal ratio (which can be determined
experimentally) and on [Mg2 +] established under the AK
equilibrium. Since the value for [Mg2 +] can be calculated
from total ATP, ADP and AMP concentrations [14], we can
infer these ratios from the measured amounts of ATP, ADP
and AMP. Under AK equilibrium, the [MgATP]/[MgADP]
ratio exceeds that of [ATPtotal]/[ADPtotal], and this is pro-
nounced especially at low [Mg2 +] [14]. This can be de-
scribed as Eq. (2):
ð½MgATP=½MgADPÞ=ð½ATPtotal=½ADPtotalÞ
¼ ðt=dÞð1þ dxÞ=ð1þ txÞ ð2Þ
The rationale above can be also applied in cases where free
adenylates are important, e.g. for adenylate transporters that
exchange only free adenylates [17]. Taking into account that
concentrations of free adenylates are proportional to those of
Mg-bound adenylates divided by [Mg2 +] and stability
constant, Eq. (2) can be easily transformed for the estima-
tion of [ATPfree]/[ADPfree] ratio (Eq. (3)):
ð½ATPfree=½ADPfreeÞ=ð½ATPtotal=½ADPtotalÞ
¼ ð1þ dxÞ=ð1þ txÞ ð3Þ
We will use Eqs. (2) and (3) when discussing translocation
of adenylates across mitochondrial and chloroplastic mem-
branes and the role of this transport in energy metabolism
(see below).3. pH effects on [Mg2+] in the intermembrane spaces
Whereas the chloroplast stromal AK operates in the light
at a pH close to 8 [20], i.e. in the range that does not affect
significantly AK equilibrium [18], the AK in the IMS of
mitochondria and chloroplasts is operating at a pH close to
7. Intensive respiration leads to acidification of the IMS of
mitochondria [21], while in chloroplasts, photosynthetic
process leads to alkalization of the stroma and acidificationof the thylakoid lumen [22]. Chloroplasts may excrete
protons not only into the intrathylakoid space but also into
their IMS [23]. If the Donnan distribution of protons across
the envelope of illuminated chloroplast is taken into ac-
count, the effective pH value in the IMS of chloroplasts is
below the stromal pH by about 0.8 units [23]. The AK
equilibrium is affected mostly by the value of KMgADP [14],
which changes depending on pH [18]. At lower pH values,
the formation of monoprotonated species, mostly HADP2
(having much lower affinity for Mg2 + [18]) will contribute
to some changes in KMgADP and to the displacement of the
AK equilibrium. Equations provided in this earlier study
[18] can be applied to the pH-dependent normalization of
estimations of [Mg2 +], on the basis of the AK equilibrium.
Thus, the pH dependence of the constants KMgATP, KMgADP
and KMgAMP can be expressed (Eq. (4)) as:
K ¼ KpH8ð1þ 10pKa8Þ=ð1þ 10pKapHÞ ð4Þ
where K represents a corrected stability constant at a given
pH and pKa is a stability constant of protonated adenylate
[18]. The values of pKa were determined as 6.90 for
HATP3, 6.61 for HADP2 and 6.40 for HAMPat 25 jC
and exhibited low sensitivity to temperature change [24]. To
obtain the dependence of Kapp on [Mg
2 +] at different pH
values, we introduced the relationship from Eq. (4) to Eq. (1)
(Fig. 2A). The pH had no effect on the general shape of the
dependence of Kapp on [Mg
2 +] and did not affect maximal
Kapp of 1.5. The equilibrium [Mg
2 +] established at the
maximum value of Kapp (i.e. when [MgADP]=[ADPfree])
was found to increase with a decrease of pH. When Fig. 2A
was replotted for better visualization of pH-dependent shifts
in [Mg2 +] for a given Kapp (Fig. 2B), the [Mg
2 +] cor-
responding to any given value of Kapp was generally ca.
threefold higher at pH 6.5 as compared to pH 8. Thus, in the
cytosol of photosynthetic tissues, a higher [Mg2 +] is main-
tained even at high cytosolic ATP/ADP ratios because of
lower pH in the IMS of mitochondria and chloroplasts (given
that AK operates in the forward direction). Since the oper-
ation of the electron transport chain is usually coupled to the
generation of proton gradient and acidification of the IMS in
mitochondria, equilibration of adenylates in the IMS gives
higher [Mg2 +] at the same Kapp because of lower KMgADP. In
chloroplasts, the IMS is also acidified because of active
charge-moving processes; thus equilibration of adenylates
there occurs at lower pH than in the stroma and the cytosol,
giving higher [Mg2 +].
The pH effects are especially important for the IMS
where AK operates under ADP exhaustion (and consequent-
ly at the maximum value of Kapp). The determined pH value
of the IMS of actively respiring mitochondria in state 4 is
lower by 0.5 units than that of the matrix [25], while in state
3 it is lower by 0.3 units. Thus, the IMS can reach the value
of 7.0 in state 3 and 6.8 in state 4 (the pH of matrix is
assumed as 7.3). The cytosolic pH values are usually above
7 (except during hypoxia) and there can also exist pH
Fig. 2. (A) The dependence of Kapp of AK on [Mg
2 +] at different pH values
based on Eqs. (1) and (4). (B) The dependence of equilibrium [Mg2 +] on
pH at different values of Kapp drawn according to Eqs. (1) and (4) (the right
branch of the bell-shaped curve is taken).
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and chloroplasts [22], presumably maintained by a Donnan
electrical potential difference. However, since the activity of
AK in the IMS is higher than in the cytosol, the IMS-located
AK will govern [Mg2 +] in the cytosol, at least in the areas
that are close to mitochondria and chloroplasts. Consequent-
ly, under AK equilibrium, the cytosolic [Mg2 +] in the light
will attain the value of 0.35–0.4 mM for IMS at pH 6.8–7.0
(Fig. 2A). This will lead to more optimal conditions for
Mg2 +-dependent cytosolic enzymes, e.g. phosphoenolpyr-
uvate carboxylase [14].4. Subcellular ATP/ADP ratios are linked to the values
of membrane potential of mitochondria and chloroplasts
Adenylate transport across membranes is carried out by
special translocase proteins, which take free adenylates and
use the electric potential on the membrane to exchange
ADP3 for ATP4 (and to a lesser extent pH gradient toexchange ADP3 for HATP3) [26,27]. In the absence of a
membrane potential, the equilibrium concentrations of total
adenylates will correspond to equimolar concentrations of
free adenylates inside and outside mitochondria [28,29].
Under the generation of a membrane potential, the gradient
between free adenylate species is established according to
the Nernst equation, and ATPfree/ADPfree ratio becomes
lower inside and higher outside mitochondria. Under the
steady flux of adenylates, the ratio (/) between ATP/ADP
outside and ATP/ADP inside a given compartment should
reflect the value of the membrane potential [27]. The
dependence of / on membrane potential and on the pH
gradient itself (derived from the Nernst equation) can be
expressed (Eq. (5)) as:
log/ ¼ aFDw=ð2:3RTÞ  ð1 aÞDpH ð5Þ
where a is the fraction of adenylates driven by the mem-
brane potential (Dw), F is the Faraday constant, R is the gas
constant, T is the absolute temperature, and DpH is the
difference in pH values inside and outside the organelle
[26]. The value of a will be equal to a portion of ATP4
from the sum of ATP4 and HATP3 since both these ATP
species are exchanged with ADP3, the first electrically and
the second electroneutrally [26,27]. According to our anal-
ysis, / corresponds to the values of free, but not total
adenylates, because only free adenylates are equilibrated by
adenylate translocator.
From Eq. (5), the membrane potential can be determined
(Eq. (6)) as:
Dw ¼ ð2:3RT=aFÞ½log/ þ ð1 aÞDpH  ð6Þ
It is notable again to mention that u includes the ratios of
free adenylates, the true substrates of adenylate transloca-
tors. Furthermore, the ATPfree/ADPfree is linked to ATPtotal/
ADPtotal ratio under the AK equilibrium according to the
Eq. (3). Inserting this equation to Eq. (6) and applying
abbreviation of the ratio between ATPtotal/ADPtotal outside
and ATPtotal/ADPtotal inside (U) the organelle, we get a basic
equation for determination of the membrane potential in
vivo from the ATP/ADP ratios (Eq. (7)):
Dw ¼ ð2:3RT=aFÞflog½Uðð1þ dexeÞ=ð1þ texeÞÞ
=ðð1þ dixiÞ=ð1þ tixiÞÞ þ ð1 aÞðpHi  pHeÞg ð7Þ
The d and t values of stability constants depend on pH
according to the Eq. (4). The a value depends on pH, since
[H+] causes protonation of ATP4 to HATP3, which is
transferred electroneutrally (in exchange for ADP3 ).
Higher concentration of HATP3 occurs in the IMS, caus-
ing return of ATP to the organelle [26], which becomes
pronounced with a lowering of pH. The value of a, which is
equal to a portion of ATP4 from the sum of ATP4 and
HATP3, depends on the pK for HATP3 (equal to 6.90)
and pH, and can be derived from the definition of
KHATP
3=[ATP4][H+]/[HATP3] for each side of the inner
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Inside chloroplasts and mitochondria, the concentration of
HATP3 is negligible because of both higher pH (about 8.0
in the chloroplast stroma and 7.3 in the mitochondrial
matrix), higher [Mg2 +] and lower total [ATP], so we assume
that the portion of free ATP present as HATP3 is fully
determined by the pH value in the IMS. After simple
rearrangements, we get:
ac10pHepK=ð1þ 10pHepKÞ ð8Þ
The reasonable pH values of the IMS in chloroplasts and in
mitochondria in state 3 are 7.2 and 7.0, respectively (with
the corresponding a value at approximately 0.55 and 0.65;
calculated using Eq. (8)) [23,25]. Taking into account the
relationship between a and pH (Eq. (8)) and the dependence
of stability constants on pH (Eq. (4)), we can model in
detail, according to Eq. (7), the relations between membrane
potential and U and pHe parameters (Fig. 3). It seems clear
that the value of the membrane potential increases with an
increase of U and with a decrease of pHe. Based on Eq. (7),
the value of membrane potential will also depend on internal
and external [Mg2 +]. Internal [Mg2 +] is 2–3 mM both in
the chloroplast stroma and in the mitochondrial matrix [14],Fig. 3. The dependencies of membrane potential values on (A) the ratios of
ATP/ADP in the cytosol to ATP/ADP in mitochondria (U) and on (B) pH in
the intermembrane space (pHe). The [Mg
2 +] in the intermembrane space is
assumed as corresponding to the maximum value of Kapp of AK. For
varying U, we assume constant values of pHi = 7.3 and pHe = 7.0; U = 2.5.
For varying pHe parameters, we assume U= 2.5 and pHi = 7.3. T= 298 K.while external [Mg2 +] is calculated from the maximum
value of Kapp and pH in the IMS (Fig. 2A). In our estimates,
with U values of 2–4 and pH of IMS at 7.0, the values
obtained for mitochondrial membrane potential fit in be-
tween 90 and 120 mV (Fig. 3). This corresponds to the data
obtained for isolated mitochondria in state 3 [30]. The
operation of plant mitochondria in vivo in state 3 may be
mainly due to the production of ADP in the IMS by AK and
to the increased engagement in the light of noncoupled
respiration passing through the cyanide-resistant oxidase
and rotenone-resistant dehydrogenases [31], a process that
does not consume ADP nor form ATP.
In our view, the quantitative estimation of inner mem-
brane potentials of mitochondria and chloroplasts from the
subcellular ATP/ADP ratios represents a simple and efficient
method, based on the link between AK equilibrium, [Mg2 +]
and operation of adenylate translocators. Improvement of
the methods of rapid subcellular fractionation and of meas-
urements of intraorganellar pH in vivo should eliminate
some uncertainties still appearing in this quantitative ap-
proach. The existing fluorescent and isotopic methods for
measurement of mitochondrial potential in intact cells are
complicated and often unreliable, and they do not allow
measurement of its absolute value [32]. Earlier estimates,
based on a complex combination of fluorescent methods and
EPR, have yielded absolute values of potential across the
inner mitochondrial membrane in animal tissue cultures on
the order of 105 mV for fibroblasts and 81 mV for
neuroblastoma cells [32], i.e. within a ballpark range of
the values calculated for plant systems using the AK
equilibrium approach (see below).5. Mitochondrial influence on the chloroplasts
The cytosolic ATP/ADP ratio is established mainly by
the export of ATP from mitochondria, and it is strongly
affected by application of mitochondrial inhibitors [33–35].
If the cytosolic ATP/ADP ratio is low, the chloroplastic
adenylate translocator will export ATP from the chloroplast
decreasing the cytosol-negative inner envelope membrane
potential established in the light. However, the maintenance
of cytosolic ATP/ADP ratio by mitochondria [33], and the
relatively low activity of the chloroplastic translocator [2],
prevent collapse of the chloroplastic membrane potential. Its
value will be in correspondence to the distribution of
adenylates inside and outside chloroplast [9].
In photosynthetic cells, the U value for both mitochon-
dria and chloroplasts was estimated at 2–3 in the light
[9,33,36] and higher U values were found in the dark [9,36]
for both mitochondria and chloroplasts. From these data,
using Eq. (7) derived in the present study, we can estimate
the effect of different treatments on the inner membrane
potential in mitochondria (Fig. 4) and chloroplasts (Fig. 5).
Higher ATP/ADP ratios in cell compartments under the
limitation or depletion of CO2 reflect changes in the
Fig. 5. The ratios of ATP/ADP in the cytosol to ATP/ADP in chloroplasts
(U) rapidly isolated from protoplasts. They were determined for high (10
mM), low (0.1 mM) or depleted CO2 (no CO2 added) and under application
of mitochondrial inhibitors. The values of membrane potential (written
above bars) were calculated according to Eq. (7). (A) Oligomycin (0.1 AM)
was applied for suppression of ATP synthase (data from Ref. [44]). (B)
Aminoacetonitrile (AAN) (10 mM) was applied for suppression of glycine
decarboxylase (data from Ref. [33]).
Fig. 4. The ratio of ATP/ADP in the cytosol to ATP/ADP in mitochondria
(U) and the membrane potential calculated according to Eq. (7).
Mitochondria were rapidly isolated from protoplasts incubated at high
(10 mM), low (0.1 mM) or no CO2. The values of membrane potential
(written above bars) were calculated according to Eq. (7). Oligomycin (0.1
AM) for suppression of ATP synthase was applied at high CO2. The data are
from Refs. [36,44].
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chloroplasts, they reflect lower ATP consumption in the
Calvin cycle together with its higher production due to
increased rates of pseudocyclic (Mehler-ascorbate peroxi-
dase) and cyclic photophosphorylation. In mitochondria,
they reflect higher ATP synthesis due to photorespiration
[33] with more ATP exported into the cytosol from mito-
chondria, probably without strong effect on the mitochon-
drial membrane potential (Fig. 4). The values of
chloroplastic membrane potential decrease under limitation
of CO2 (due to higher ATP/ADP ratio inside chloroplast
which facilitates ATP export to the cytosol) (Fig. 5). They
are lower than the empirically measured membrane potential
values in isolated chloroplasts of 111–123 mV in the light
[37]. This can be explained by the fact that these values
were obtained in low potassium medium. When external K+
(together with Mg2 + and other ions) is increased to values
close to those typically found in the cytosol, the electrical
potential decreases [37] with the correspondent equilibration
of adenylates across the inner chloroplast membrane. It is
worth to note that [K+] is also dependent on AK-governed
equilibrium [38], so AK may govern both [Mg2 +] and [K+]
in the IMS of chloroplasts for better maintenance of photo-
synthesis and for balance between pH gradient and electrical
potential, important for higher photosynthetic performance.
[K+] is usually high in the cytosol of mesophyll cells (near
80 mM, decreasing only by 15 mM under strong NaCl
treatment) and is closely regulated via transport processes
across tonoplast [39], while in the IMS, where it also
undergoes active transport processes, it may be under
control of the AK equilibrium.
The electrical potential and pH gradient are also observed
across the outer membranes of mitochondria and chloro-plasts. The potential consists of both Donnan potential
across the outer membrane of organelles, and a steady state
metabolically derived potential as a result of the difference
in permeability restriction for various charged metabolites
[40]. It was shown and modelled that a metabolically
derived potential is generated at high workloads even if
the outer membrane is highly permeable to small ions and
molecules. However, the outer membrane of chloroplasts
(and possibly of mitochondria) is not as freely permeable to
low molecular weight solutes as previously thought [41].
Since the activity of AK is high in the IMS of mitochondria
and chloroplasts, concentrations of magnesium and potas-
sium are established according to the AK equilibrium. Their
concentration is important for balance between electric
potential and pH gradient components of the proton motive
force in mitochondria (similarly as in transthylakoidal
electrical and pH gradients [42]) and for transport processes
across the chloroplast envelope.
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value of U. Application of the uncoupler dinitrophenol
results in the collapse of U, thus leading to the collapse of
potential in both mitochondria and chloroplasts [9]. Appli-
cation of oligomycin, an inhibitor of ATP synthase, at a
concentration that does not affect chloroplast ATPase, leads
to an increase of membrane potential in mitochondria
(similarly as in the experiments on isolated plant mitochon-
dria [43]) (Fig. 4) and to a concomitant decrease of
chloroplast membrane potential (Fig. 5), via a decrease of
the ATP/ADP ratio in the cytosol. Oligomycin, also via an
indirect effect on the cytosolic ATP/ADP ratio, will suppress
energization of chloroplast membrane during photosynthetic
induction, causing delay in photosynthetic oxygen evolution
[34,44]. Aminoacetonitrile, the inhibitor of mitochondrial
glycine decarboxylase complex [45], has a pronounced
effect on the chloroplastic membrane potential in photo-
respiratory conditions (under limiting and depleted CO2)
(Fig. 5), apparently via a decrease of the cytosolic ATP/ADP
ratio [33]. Thus, the knowledge of subcellular ATP/ADP
ratios allows an estimate of the membrane potentials of
mitochondria and chloroplasts. When the mitochondria fail
to maintain high cytosolic ATP/ADP ratio, the chloroplastic
membrane potential collapses with the consequences for
sustaining photosynthetic activity.6. Integration of cellular metabolism via AK equilibrium
Generation of the membrane potential drives ATP syn-
thesis and provides a continuous exchange of ATPfree and
ADPfree across the inner mitochondrial membrane. In this
way, mitochondria can interact (via cytosol) with chloro-
plasts and other organelles. Fig. 6 illustrates schematically
how the pH-dependent AK equilibrium (the pH-dependence
of AK Kapp refers to Fig. 2) supports continuous ATP
synthesis by maintaining the cytosolic ATP/ADP ratio
and, in turn, affects equilibration of adenylates across the
chloroplast membrane and thus influences chloroplastic   
 
 
 
Fig. 6. Schematic representation of the links between AK equilibrium, subcellul
generation of proton potential by mitochondria drives adenylate transport and esta
This in turn maintains chloroplastic membrane potential and regulates the cytosomembrane potential. Membrane potential values depend
on high cytosolic ATP/ADP ratios. Otherwise, the ATP
export from the chloroplast would result in the decrease of
chloroplastic inner membrane potential, as in the case of
inhibition of ATP production in mitochondria (Fig. 5).
Rapid collapse of the potential is prevented by a limited
activity of adenylate translocator in chloroplast membrane
and by strong competitive inhibition by the opposite adeny-
late, i.e. ATPfree transport will be inhibited by ADPfree and
vice versa [46]. Another aspect (Fig. 6) is that AK, in
cooperation with adenylate transporters, represents an im-
portant tool for maintaining [Mg2 +] at appreciable level and
for maintaining high ATP/ADP ratios necessary for biosyn-
thetic processes without affecting adenylate transport.
According to the values of stability constants of MgATP
and MgADP, the ATPfree/ADPfree ratio of 1 corresponds to
MgATP/MgADP ratio of 12–18, depending on pH (Fig. 1
and Eq. (4)); this corresponds to the ATPtotal/ADPtotal ratios
of up to 6–10 at [Mg2 +] of 0.4 mM as in the cytosol (Eq.
(2) and Fig. 2). Active AK in the IMS allows [Mg2 +] in the
cytosol (and mitochondria) to be at appreciable levels under
high respiratory rates. High respiratory rates generate mem-
brane potential across the mitochondrial membrane. The
membrane potential at established pH values inside and
outside of mitochondria and chloroplasts is tightly linked to
the ATP/ADP ratios inside and outside the organelles (Fig.
3). Determination/calculations of those ratios provides an
indirect method for estimating membrane potential across
the inner membranes of mitochondria and chloroplasts
(Figs. 4 and 5), given that ADP is exhausted outside
organelles and formed exclusively by AK.
In summary, values of membrane potential are tightly
linked to total subcellular concentrations of adenylates (Eq.
(7)), similarly to internal [Mg2 +] values and to ratios of free
and/or Mg-bound adenylates (Fig. 1) [14]. From total
subcellular concentrations of ATP, ADP and AMP, both
[Mg2 +] and the membrane potential could be determined.
Also, MgATP/MgADP ratio (essential for the rates of
energy metabolism), ATPfree/ADPfree ratio (important for   
 
  
 
  
ar ATP/ADP ratio and membrane potential. The diagram outlines how the
blishes the cytosolic ATP/ADP ratio via equilibration of adenylates by AK.
lic enzymes.
A.U. Igamberdiev, L.A. Kleczkowski / Biochimica et Biophysica Acta 1607 (2003) 111–119118translocation of adenylates) and ADPfree/AMPfree ratio (a
possible parameter in allosteric regulation) could be derived
from total adenylate contents. This may be especially
important for metabolomic research, where the determined
concentrations of adenylate species could be used for
computation of essential metabolic parameters in the cell
and in subcellular compartments, including actual rates of
metabolic fluxes. The latter are especially difficult to esti-
mate by conventional techniques [47]. Subcellular mem-
brane potentials, [Mg2 +] and adenylate ratios are linked
under AK equilibrium, and the measure of subcellular
adenylate concentrations provides an effective tool for
estimation of in vivo mitochondrial and chloroplastic mem-
brane potentials, which would be impossible or complicated
by other methods. Analyses of adenylate data allowed us to
move forward in clarification of such a key issue of plant
bioenergetics as mitochondrial influence on chloroplasts.
The maintenance of electric potential is one of the main
functions of membranes [48] achieved by the balance of
both nonequilibrium processes of proton pumping, ATP
synthesis and ion transport, and equilibrium action of
‘thermodynamically buffering enzymes’, such as AK and
(in animals) creatine kinase [49]. AK equilibrium represents
an important bioenergetic regulatory principle for the main-
tenance of steady regimes of ATP synthesis in mitochondria
and chloroplasts and its utilization in metabolic processes.
This thermodynamically buffering phenomenon allows for
maintenance of a steady flux of ATP formation and utiliza-
tion. It provides also a dynamically stable homeostatic state
essential for living systems.Acknowledgements
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